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NOMENCLATURE 


С - Lift coefficient (dimensionless) 
Cp ~ Drag coefiicient ( - ) 
F, - Lift force, lbs. 

Ер - Drag force, lbs. 

V -Water velocity, ft/sec. 

Ө - Water density 


$ =- Model rudder area (projected) 











The object of the work undertaken in preparation of this thesis is the 
comparison of Lift and Drag Coefficients of an all metal rudder (parent) 
with those of a family (five) of dimensionally equal rudders which have been 
modified by cutting away varying percentages of the trailing edge of the par- 
ent rudder and replacing the cut away portion with rubber. In order to 
maintain dimensional equality, six bronze rudders were cast to the same 
mold, and five were modified as described above. Sasic rudder charac- 
teristics are: chord - six inches, aspect ratio - one, thickness ratio - 
0.19, balance - 20,5%, 

Test runs were made in the .1.T. propeller tunnel at a constant 
water velocity of 9 feet per second, Lift and drag forces were meas- 
ured from zero to thirty five degrees angle of attack by rneans of strain 
gages mounted in the lower end of a rudder dynamometer. These forces 
were then converted to dimensionless lift and drag coefficients by divid- 
ing the force obtained by the product of: 1/2(water density)x(rudder area) 
x(water velocity)”. 

The experimental work accomplished shows that, with respect to the 
all metal rudder (perent), the use of a rubber trailing portion up to about 
25% rubber has the effect of increasing the lift Coefficient, the maximum 
increase occurring with about 125 rubber and being of the order of 2.40% 
increase at 30° rudder angle; 7.1% increase at 20°; 10,7% at 10%; and 
about 25% increase at 5 rudder. Similarly for the Drag Coefficient, e 
slight increase develops with increase in percentage of rubber up to about 


} 


wall «à sata nid) te ad зі кето в я АР 1. көніл» ват 
lera) iin eeo ije eo l meisdi popl dmo Д 2 00 ача ироя 
O е Вы ната Чур» 
cms mh e gie piian série sapro any paris cama pistes vd irahan 
ee 


ee 
LL на — 
Жа - em AA 

— я Ni пан o ке жез 
— Мі: № Barwa mwa ea Vo ionis votum 
әке «м y mean? de cippo ано ан ўі уны аса көні мен 
—— mmm ines ie ens sata at Naam маң 
на чу самбо догь нар нв зза, етае 
iesea rather ist riaosns renee ht і Me хөшөө, «ИЛ of етімен музей «ай дай 
МХ өзім satawa 

bd si gr din cade and br e o өк” 
db AE ELM imei: rbd ізет Це 
me 1 2 fT podia ss) lo rs S ormai cruel DIE 




















url JAM Ip ——————m 
Ane 1994 de PT) 088 19 anam] Du) ous Tabs WER Fa aaa ag 
© март О ger) wir a ИЛЬ ун. 0" rs sorreran AAE do 


me 


25% rubber, beyond which an increase in percentage of rubber tenda to cause 
the Drag Coefficient to decrease, With 12% rubber the increase ia the Drag 
Coefficient is as follows: 5.5% increase at 30° rudder angle: 6.5% increase 
at 20°; 13.8% increase at 10% and 13.3% at 5° rudder angle. 

И the ratio of the Lift Coefficient to the Drag Coefficient is to be used 
as a criterion in judging the relative performance ef the rudders, it is noted 
that the 40% and 50% rubber rudders have considerably higher ratios than 
the parent rudder, 

From the results of the experimental work accomplished, it is con- 
cluded that the lift Coefficient is increased, with respect to the parent (all 
metal rudder), with the use of a rubber trailing edge up to about 25% rubber. 
Beyond 25% rubber the Lift Coefficient decreases. The Drag Coefficient 
increases with the addition of rubber up to about 25% rubber and thereafter 
decreases with the use of more rubber. From a careful study of the results 
obtained and close observation of the rudders in the tunnel it is concluded 
that the rubber used was too stiff, in that it did not bend as much as was 
expected when subjected to the action of the water force. 

In view of the results obtained Írorr: the experimental work eccom- 
plished to date with the rubber -tipped rudders, it is recommended that 
further experimental work be carried out with ther: along the following 
lines: 

а) Utilizing rudders with rubber oí varying degrees of stifíness. 

b) Conducting a close search of the area within which the percentage 

of rubber varies from 5% to 15%. 
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с) + erforming experiments with all rubber rudders i.. which the 
forward part of the rudder is internally stiffened so as to be in- 


flexible for all practical purposes, but a smooth continuous surface 
is presented to the flow of water around the rudder. 

d) Investigating the effects of a ship's hull and propeller upon the 
behavior of rubber tipped rudders. 
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The problem approached in the development of this thesis is the one of 
providing, for vessels moving through a fluid medium, à control surface 
which will perrnit adequate directional control with a roini:znum of undesirable 
effects; in the case of a rudder, this rneans providing emaxitwum lift with 
minimum drag. The literature cited in Appendix E gives evidence af the 
extensive research effort directed towards this end. 

The use of a rubber tipped rudder, it was thought, would permit the 
trailing portion of the rudder to fair into the stream of water passing it, to 
a certain degree, with the result that a small amount of camber would be 
placed en the rudder, The placement of such camber would be entirely 
independent of outside mechanical control or adjustment: dependent only 
upon the forces acting on the rubber and the stiffness of the rubber. The 
rubber tip would fair downstrearn: while the force normal to its surface 
might be smaller than If the surface had not bent, the athwartship com- 
ponent of this normal force, i.e., the lift, would be larger than if acting on 
а straight surface. By similar reasoning, it was believed that the longi- 
tudinal component of the force, i.e., the drag, would be less, 

It was decided to experiment on a comparative basis, using one all 
metal rudder as the basis of comparison; a parent rudder, so to speak. 
Then five more rudders would be made frorn the same mold as the parent 
rudder but with 10%, 20%, 30%, 40%, and 50% of the rudder surface 
replaced with rubber. The rubber of all rudders was to be cut from the 
same sheet, to insure that the same rubber characteristics were present 
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An order for the manufacture of the six rudders was placed with the 
Boston Naval Shipyard and in due time all six rudders were manufactured. 
The metal portion was ‘‘Composition G Bronze’’ and the rubber was cut 
from a sheet of gasket material and cemented to the metal with deck tread 
cement. While the job order called for a rubber percentage of 10%, 20%, 
30%, 40%, and 50%, it was found upon careful measurement that, due to 
manufacturing errors, the actual percentages of exposed rubber, as meas- 


ured along the side of the rudders, were as follows: 


ORDERED RECEIVED 
0% 0% 
10% 15.4% 
10% 25.0% 
307 33.5% 
40% 40.7% 
50% 44.7% 


Throughout this thesis the rudders are referred to as 10%, 20%, 30%, 
40%, and 50% rubber. It showld be borne in mind that the actual percentages 
are as listed above, under the RECEIVED column. 

The actual rudder dimensions are as shown in Figure ^I. 

Due to the necessity of hand finishing the rubber portion of the rudders, 
there were slight differences found between rudders, but not of such an 
extent as to invalidate the comparative results obtained from the experiments. 
It is worthy of mote, however, that due to the construction of the joint between 
the metal and the rubber, a continuous smooth surface for presentation to the 
flow of water was not attained, with possible attendant cifect on drag 


components. 
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The forces acting on the rudder were to be measured by the dynamom- 
eter developed and built by Kissinger > Zupp, and described in Appendix A. 

The rubber swirn fins used by swimmers in gaining abead thrust, and 
the shape of racing shell oars used to gain "negative drag'' were factors 
given consideration in the development of the idea of semi-flexible rudders, 
This same idea waa also strengthened by sorne of the facts found in Nature, 
such as the extreme mobility of fish tails and the softer feather tips in the trail- 


ing edge of birds’ wings. 
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It, PROCEDURE 


The first step to be accomplished in the experimental work was accurate 
calibration of the rudder dynamometer, This was performed by placing the 
dynamometer ina test rack outside the tunnel and by applying known forces 
to the rudder stock ina direction which would be parallel to the flow of 
water, with the dynamometer in the tunnel, and ina directien perpendicular 
thereto, Calibration curves were then prepared as in Figure + Il, With the 
rudder in the tunnel, strain gage readings of deflections in micro-inches 
were then easily converted to pounds force. 

Water speed to be used throughout the experiment was set at ° ft/sec. 
in order to stay well within the forces used in the calibration of the dyna - 
mometer. During the running of the tests, the water speed was kept under 
constant monitoring te insure that it was maintained at exactly 9 ít/ sec., 
which corresponds to a Keynoldsa number of 371,600 (for fresh water at 
60°F). 

Due te the construction of the dynamometer, the range of rudder 
angle that could be applied was from 10 degrees left rudder to 36 degrees 
right rudder. 

A run” consisted of measuring lift and drag forces every few 
degrees: 3, 5, 7, 10, 13, 15, 17, etc., over the full range of the dyna- 
mometer, The location of '"'zero rudder‘' was determined by the point at 
which the Lift Force curve of the run being made crossed the zero axis, 


going from positive to negative. The Lift and Drag Forces were converted 
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to dimensioniess coefficients as defined in hydrormechenics literature: 


cL* туг үг” св. речи” 


Three complete runs for all rudders were made, with three additional 
runs made on the parent all metal rudder in order to insure that the basis 
for comparison of the remaining family of rudders was sound and accurete. 
Numerous checks of various points on the Lift and Drag curves were made 
to ineure that consistent results were being obtained. 

The calibration of the dynamometer was checked repeatedly during the 
course of the experimental work. 

Upon the completion of the experimental work, the results were plotted 
in the form of curves of rudder angie vs, lift and Drag Coefficients for ell 
six rudders and of the following cross curves: 

Lift Coefficient vs. Percent Rubber 
Drag coefficient vs. Fercent (ubber 


Lift Coefficient/Drag Coefficient vs. Rudder Angle 
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v. RESULTS 


The results ol the experimental work involved in this thesis are shown 
in the curves on Figures Ito X, inclusive. The only variable quantities 
entering into the results are the percentage of rubber on each rudder and the 
water density. The water density was corrected for temperature throughout. 
The velocity of the water was kept constant at 9 ft/sec. The area of all 
rudders ia taken as 36 square inches, i.e., projected area (12). 

Observation of the experimental runs in progress showed that the 
rubber did not flex nearly as much as was enticipated, indicating that the 
rubber used was too stiff. With 50% rubber a slight but definite deflection 
was noticed. 

A galvanometer was used to indicate balance in the 5-4 Strein Gage 
Indicator, in measuring forces on the rudder. It was anticipated that with 
the rubber tips on the rudders there would be a considerable armount of 
flutter or vibration, which would ahow en the galvanometer, probably making 
it difficult to balance. This, however, was not the casc. іп measuring lift, 
the amount of vibration appeared to be about the sume for both the solid and 
rubber -tipped rudders. In measuring drag, it was found that the rubber- 
tipped rudders gave remarkably more steady readings than were given by 
the all metal rudder. 

Figures I te VI are individual plots for each rudder. Figures VII to А 
give comparative resultas among the rudders in the form ol cross -curves 


and muitiple plots. 
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FIGURE V 
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FIGURE VIII 
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V. DISCUSSION OF KESULTS 


The intention of the experiment was to deterrnine the characteristics 
of rudders with 10%, 20%, 30%, 40%, and 50% rubber. However, the rudders 
aa received from the Boston Naval Shipyard and as tested, had the following 
percentages of rubber: 

15.4% in lieu of 10% 
25.0% " " "20% 
33.5% " " "369% 
40.7% 740% 
48,797." "508 

There are several possible sources of error in the experimental 
results obtained which it is well to recognize at this time. First, while 
the rubber tips used on all rudders were cut from the same sheet of rubber, 
in an attempt to have rubber with the same characteristics on all rudders, 
the necessary fitting and machining of the rubber in the process of manu- 
facturing the finished product did introduce some small differences among 
rubber tips. Secondly, the method of attachment of the rubber to the metal 
was of such a nature that the drag coefficient might be increased due to the 
break at the juncture (see the $0% rubber rudder of Figure |&). Thirdly, 
the rubber tip on the 10% rudder seems to be of a reugher surface than 
any of the other rubber tips, all of which had the same feel to the hand. 
This slightly rougher rubber surface, on the 10% rudder, may account in 
part for the increased drag observed with this rudder. 

The rudders were balanced about the rudder stock by drilling out 
metal aft of the stock until a hanging balance was obtained. These holes 


were closed with putty prior to running teats in the tunnel, hence insuring 
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a smooth surface. 

The metal portion of all rudders should be very nearly identical, as 
all were cast to the same mold, Ме discrepancies among the metal portions 
of the family of rudders was discernible. 

No sources of error, other than the ever present human element, are 
known at this time, to exist. 

From a study of figures I and VI, and observation of the tests as they 


were conducted, rudder breakdown seems to oceur as follows: 


RUDDER RUDDER ANGLE AT BREAKDOWN 
10% 30° 
20% 32° 
30% 35° 
40% 32° 
50% 339 


From these figures it would appear that the addition of rubber dees not 
hasten the arrival at the breakdown angle and does have the effect of dela y - 
ing this angle a few degrees. 

Figure VII shows that Lift is increased by the use of rubber up to about 
25% rubber at all angles of attack, but that with more than 25% of rubber the 
Lift falls off at angles of attack above 15%, 

From Figure VIH it is seen that Drag increases with the use of rubber 
up to about 25% rubber and that with more than 25% rubber, the Drag 
decreases, 

in Figures 1-Vl the location of o angle of attack was determined by 
measuring 1.1£t from right rudder to left rudder and plotting the Lift against 
the angle of attack as indicated on the dynamometer movable head. This 
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plot was very nearly а straight line and 0? angle of attack was set at the point 
where the plotted line crossed (zero liit) the coordinate axis showing rudder 
angle in degrees, 

In order to produce comparative results, the drag for sero angle oí 
attack for all rudders was corrected to the drag of the all metal rudder at 
zero angle of attack. For each rudder, this very small correction was applied 
to all values of the Drag Coefficient, thence the curves were plotted, 

Beyond the point at which the rudder was believed to have reached 
breakdown, the Coefficient curves are dotted in, as the exact behavior of 
the rudder beyond this point was indeterminate. 

The model Kudder Dymamometer would not give readings above 36 


degrees right rudder and 10 degrees left rudder. 
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VI. CONCLUSIONS 


With respect to the all metal rudder, the use of rubber in the construc- 
tion of the rudders increased the Lift Coefficient, the maximum increase 
being obtained with about 12 1/2% rubber. Beyond about 25% rubber the 
Lift Coefficient decreases. 

The Drag Coefficient increases up to about 25% rubber, decreasing with 
increase of rubber beyond 25%. 

With respect to the all metal rudder the C; /Cy ratio is larger for all 
rubber -tipped rudders at small angles of attack, below about 59, This 
ratio is larger for the 40% rubber rudder at all angles of attack. 


Tho rubber used in the experiment was too stilí for best performance. 
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VH. RECOMMENDATIONS 


1, That further experimental work be done with semi-flexible rubbers along 
the following lines: 

a) Utilize rubber of varying degrees of stiffness. 

b) Conduct a close search of the area within the 5% to 15% 
rubber zone. 

с) Conduct experiments with all rubber rudders in which the 
forward portion (percentage determined by previous work), 
of the rudder ie stiffened by internal framework so that it is 
inflexible and the after portion free to flex. Use of such a 
rudder would exclude the possibility of erroneous results 
such as increased drag due to the break at the junction of the 
rubber and metal, 

2. That the possibility of using a flexible trailing edge on propellors be 
investigated. | 
5. That the effects of the ship's hull and the propellers race an the rubber- 


tipped rudders be investigated. 
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ІНЕ M. I. T. MODEL RUDDER DYNAMOMETER 


The measurement of Lift and Drag forces for the development of this 
thesis was made with the Model Dynamometer designed by Kissinger and 
Rupp (11). A sketch of the Dynamometer's essential details and a brief 


explanation of its operation follows: 
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A - Rudder Dynamometer 
IO B - Selective Switch Box 
C - SR-4 Strain Indicator 


- Lower Transverse Gage (3 wires) 
- Lower Longitudinal Gage ( ©“ ) 
- Upper Transverse Gage ( °“ ) 
- Upper Longitudinal Gage ( ) 
- Torque Gage (3 wires) 

Bearings (support of Housing) 

- Housing 

- Torque Sleeve 

- Inner Shaft, with Gages 

- Protective Shield 

- Rudder 


y» 
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1 


NOTE: Resistors shown dotted in the Wheatstone Bridge are the pair of 


gages (tension & compression) in use; they actually are mount ed on 


the dynamometer. 
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The Model Dynamormeter consists of a steel shaft (9) carrying two sets 
of strain gages (1, 2, 3. 4) and rigidly supported by a casting, which is the 
only outside support. The four strain gages are mounted in two mutually 
perpendicular reduced sections at the upper and lower end of the shaft, i.e., 
parallel and normal to the water flow. The shaft is enclosed by a watertight 
cylinder (7) which is supported at bath ends of the shaft (9). The rudder stock 
is firmly held by this cylinder, thus transmitting all forces to the inner 
shaft. 

Above the dynamometer support a sleeve (>) is mounted around the 
cylinder; the torque gage is installed between this sleeve and the cylinder (7). 
This gage will not be discussed here as it was not used during the experiments. 

Below the Dynamometer support there is a protective shield (10) with 
the lower end tapered. To avoid corrections for drag forces this tapered end 
was brought very close to the upper suríace of the rudder. 

The strain gages consist of fine wires cemented to the reduced sections 
in the direction of the pure bending intreduced by either longitudinal or 
transverse forces, Three electrical leads are used with each strain gage, 
namely - tension side, compression side and neutral axis (common ground), 
The leada frorn all gages were connected to a selective switch box which in 
turn was connected to the SR-¢ Strain Indicator, This indicator consists of a 
built-in * heatstone bridge with galvanometer for obtaining balance among the 
resistances. A high. sensitivity, as well as temperature correction, was 
obtained by c.nnecting simultaneously the tension and compressien leads 
from the gage in use 4» the 5. -4 Indicator. 
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Due to changes made in the Dynamameter it was decided to use only the 
two lower strain gages, the location of the upper gages making their readings 
less sensitive than the lower. During calibration of the Lower Longitudinal 
Gage, care was taken to insure that only longitudinal forces would act on the 
Dynamometer (by keeping tere reading on the Transverse Gage). Therefore, 
the 5/1 -4 Indicator reading for a given longitudinel force was always the sambe, 
regardless of the readings of the upper gages. The same applies to the i ower 
Transverse Gage. 

This procedure simplifies the use of the udder Dynamometer as it does 
not require the resolution of the applied load into its upper and lower com- 
ponents, as was required in the original design. 

The use of the 54-4 Strain indicator tegether with the selective switch 
simplified considerably the test procedure, 

For a detailed explanation of the Rudder Dynamometer the reader 18 


referred to reference (11) ín the bibliography. 
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The calibration curves (Figure XII) were plotted afer obtaining the data 
irom the preceding page and were used throughout the tests, checks being 


made alter each series of runs. 


4U 


10 


13 


15 


18 


20 


24 


45 


28 


30 


32 


33 


34 


35 


' The above tabulation refers to one series of runs only. 


069 
„132 
175 
«219 
.360 
429 


„525 


.847 
894 
‚955 
„953 


«960 


.127 
.175 
„225 
‚309 
.393 
0475 
"510 
.630 
„705 


„190 


9271 


6350 


605 


115 


«091 


147 


‚200 


.446 


.550 


1.018 


.143 


2292 
.387 
0441 
‚562 


„514 


„72% 
4204 
-908 
970 


998 


1,021 


1.622 


-150 
„415 
„310 


.378 


.143 
837 


.594 


“994 


860 





‚153 


„5313 


.+50 


.961 


The curves of Figures I to VI were plotted with data oí five complete 


series of runs. 
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Angle 


19 


13 


15 


18 


22 


25 


28 


30 


32 


33 


34 


35 


corrected for drag at zero rudder angle to be equal for all rudders. 


.153 
„184 
„230 
„301 
.332 


»383 


。460 


series of runs, 


2214 
‚250 
‚327 
‚552 
‚351 
‚455 


.485 


„127 
‚142 
„183 
„224 
„285 
。326 
.362 


2377 


400 


42 


2244 
.290 
„33! 


„392 


.479 


„112 
„153 
„188 
«209 
.213 
„313 
„356 
„369 
„561 


.450 





233! 
«392 


„+39 


(>) Тһе above tabulation refers to one series of runs only; the data was 


The curves (Figures 1 to VI) were plotted with data of five complete 
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10° 
15 

20° 
"C 


25 
30° 


DRAG COEFFICIENT Cp -vs - NUBBLA ГЕВСЕМТАСЕ* 


ANGLE 


59 
109 
169 
209 
259 
30° 


ANGLE 


59 
16° 
159 
209 
259 
309 


.152 
„283 
433 
„59% 
„160 
69* 


07 


.045 
.065 
.095 
„1565 
„232 
2330 


2.93 
4,36 
4,56 
2,43 
3.28 
2.72 


10% 


167 
310 
+67 
625 
191 
925 


10% 


051 
„675 
„165 
225) 
345 


10% 


3.28 
4.13 
4.25 
3.80 
3.18 
2.66 


20% 


.152 
.298 
.450 
.692 
277% 
„915 


20% 


049 
070 
„107 
„160 
.242 
.340 


20% 


3.10 
4.26 
4.21 
3,76 
3.20 
2.69 


PRACENTAGE ЭР XUBBER 


30% 


146 
.293 
.445 
„59% 
.74 
.290 


PERCENTAGE OF AUBBER 


30% 


‚047 
061 
103 
„152 
«226 
0325 


C¡/Cp - vs - RUBBER PERCENTAGE 





PERCENTAGE OF AUBBSRA 


30% 


3.1) 
4,32 
4.33 
3.92 
3.3] 
2,14 


40% 


146 
.295 
.445 
.599 
。7 39 
„65 


„145 


310 


40% 


3.15 
4.62 
4.59 
4.15 
3,52 
2.19 





50% 


3,2% 
4.12 
4.14 
4.20 
3.63 
2.65 


*NOTE: These values were taken from laired curves on Figures VII and 


VHI. 
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MALE P074 ЕЕ 
“udder. 0% rubber 
Water temperature: ENF - Water speed: 9 ft/sec. - Date: 3/24/50 
Rudder Gauge LT Lift Gauge L1. Drag 
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^ ngle reading Force 6, eading Foree бу 
(right) 
o? 595,0 0.0 0,099 5960 0.8 „бл 1 
3 5125 1.4 .97) $960 6.2 04 1 
5 5580 2.3 «117 5970 0.9 „64% 
7 5310 3.5 .179 5980 1.1 242% 
10 3035 5.6 266 6030 1.3 а 
13 4779 7.1 .362 6050 1,4 „071 
15 4530 2.6 S40 6110 1.9 wy 
17 4250 10.3 „526 6180 2.4 „14% 
26 4010 11.7 „595 4:60 3.0 .153 
22 5750 13.2 $75 6360 3.6 ins 
25 3450 15,0 „765 5490 4.5 238 
26 3140 16.6 .548 6610 5.9 .30: 
30 3030 17.5 „59% 6750 6.5 332 
32 2830 19,7 „958 6930 1.5 . 383 
33 2710 19.4 990 (000 4.09 .+08 
34 2650 19,7 1.005 7099 2.6 +46 
(left) 
59 6415 3.0 „153 5985 1,0 „051 
5 6760 4.8 2245 5020 1,2 „061 
10 6950 6.0 „305 6060 1.5 .076 





: 


із 
і: 


т. 
Li 


42 


з з 3 3 


Ал ама 


- 


.. 


ri 


12313 
211: 


223: 


.. 7 


a 


Е 


al 


4 


та! 


= 
~ 


“ 


+9) 


- 
- 
> 


té». i Y 


Ааа заа аі Сі 


tios 
esr 


е! 
I. 


ё.' 
21 


53 


02% 


e. 


>» 


SAMPLE CALCULATION 


From ‘Sample Data Sheet” on page 45, for 20° right rudder, 
Lift Force = 11.7 lbs. 


Drag Force » 3.0 lbs. 


2 
Kater density (at 62° F) = © = 1,9319 DT 


itudder area = & » 0.25 ft^ 


Water speed = V = 9.6 ft/sec. 


Fi 11.7 | 
Lift Coefficient = C; с | — ——— 1 АИО 
- ies vz 1/2(1.9379)(0.23)(81) 


Fu 3.0 


D Coefficient « Cr, = = = 0.153 
ы е 1/2085 ү? 1/2(1.9379)(0.25)(41) 
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Semi-flexible self 


varying camber rudder. 





